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Abstract 12 
 13 
The Barcelona test (BCN) is an alternative method to characterize the post-cracking 14 
behaviour of fibre reinforced concrete (FRC). Given its simplicity, the reduced scatter 15 
of the results and low material consumption, the BCN may represent a suitable method 16 
for the quality control of FRC. For that, a correlation between the results of the BCN 17 
and the bending test is currently required since the latter is considered the reference for 18 
the characterization of the material and for deriving the constitutive design equations. 19 
The objective of this paper is to propose such correlation following an approach that 20 
takes into account the intrinsic variability of FRC. An experimental program involving 21 
21 mixes of conventional and self-compacting FRC with either steel or plastic fibres 22 
was performed. Several analyses were conducted both for selecting the most relevant 23 
parameters and for maximizing the degree of correlation between the tests. The highest 24 
correlation coefficient between tests was obtained for the mixes with plastic fibres. In 25 
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such case, the formulation proposed is able to predict the results with accuracy up to 26 
75%. The correlation found is an interesting tool towards a simple and reliable quality 27 
control of FRC based on the BCN mainly oriented to large scale concrete production. 28 
 29 
Keywords: correlation; fibre reinforced concrete; Barcelona test; flexural test; scatter 30 
 31 
1 INTRODUCTION 32 
 33 
The quality control of fibre reinforced concrete (FRC) used in structural applications 34 
should include tests for the assessment of the post-cracking response of the material. 35 
The selection of suitable testing methods for this purpose becomes particularly relevant 36 
given the high intrinsic scatter associated with the post-cracking response [1]. In this 37 
context, it is important to count with simple and fast methods that may provide enough 38 
repetitions for a reliable statistical analysis of the results that could lead to 39 
representative average and characteristic values of the post-cracking strength of the 40 
material.  41 
 42 
The most extended method applied nowadays is the three-point bending test (3PBT) 43 
according to EN 14651:2007 [2]. It presents a coefficient of variation usually above 44 
20% [3, 4] and a complex setup if compared to other tests, requiring special equipment 45 
and relatively big specimens. For these reasons, as suggested by the Belgian standard 46 
NBN B 15-238 [5], the 3PBT is not considered suitable for the systematic quality 47 
control of FRC. Thereby, alternative tests were developed in an attempt to overcome the 48 
drawbacks previously mentioned [6-8]. In this context, the fib Model Code 2010 [9] 49 
allows the use of alternative tests to obtain the residual strength of FRC if appropriately 50 
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correlated to the results of the 3PBT. Therefore, in case such correlations are achieved, 51 
the substitution of the bending test by an alternative approach may be accepted.  52 
 53 
The use of correlations between concrete properties measured in different test methods 54 
is a common and widely accepted procedure, even when the cracking mechanisms 55 
involved in each of them are completely different. For example, equations relating the 56 
compressive strength and the tensile strength are present in the majority of structural 57 
concrete codes and guidelines. Moreover, several equations are available to transform 58 
the indirect tensile strength measured in the Brazilian Test into the indirect flexural 59 
strength measured with bending tests [10]. In the case of FRC, Minelli et al. [11] 60 
already proposed a correlation between the Round Panel Test and the UNI flexural test 61 
based on the energy released and the residual strength. Correlations between different 62 
typologies of tests also provide an opportunity for developing new simplified stress-63 
crack width laws for FRC [12, 13]. 64 
 65 
Another alternative to characterize the tensile residual strength of FRC is the Barcelona 66 
test (BCN) proposed by Molins et al. [4] and included in the standard UNE 83515:2010 67 
[14]. Recently, it has been improved by Pujadas et al. [15, 16] and a constitutive 68 
equation based on the results of the test was proposed by Blanco et al. [17]. The BCN is 69 
simpler than the 3PBT in terms of execution since 75% lighter specimens are used and 70 
no closed-loop is required. It also presents smaller scatter [15] with a coefficient of 71 
variation of the results below 13% [4]. Despite these advantages, the use of the BCN for 72 
the characterization of FRC is hindered by the lack of correlations with the 3PBT. 73 
 74 
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Taking that into account, the objective of this paper is to correlate the results of both 75 
tests so the BCN may be used as a complementary method to characterize the properties 76 
of FRC. The approach presented here aims to obtain simple and reliable correlations 77 
taking into account the typical variability of the material. In this regard, the correlation 78 
proposed represents a tool towards a simpler, faster and less expensive quality control 79 
of FRC based on the BCN. This approach is in line with the fib Model Code 2010 and 80 
may also serve as an example for future correlations with other tests applied to FRC. 81 
 82 
2 METHODOLOGY TO CORRELATE THE TESTS 83 
 84 
The approach proposed to determine the correlation between the BCN and the 3PBT 85 
consists of three stages, as indicated in Fig. 1. In the first stage, an experimental 86 
program with a wide variety of concrete types was performed. In the second stage, 87 
linear regressions are performed considering different variables included in the study. 88 
This helps determining whether a universal correlation between both tests is possible or 89 
if different formulations are needed depending on the type of concrete, the type of fibre 90 
or the fibre content.  91 
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 92 
Fig. 1. Methodology used to derive the correlation between tests. 93 
 94 
In the third stage a multi-variable parametric study is conducted in order to obtain the 95 
final correlations. To account for the variability of the FRC, an approach similar to that 96 
used in sprayed concrete is applied. Instead of proposing a single equation, a correlation 97 
zone defined by confidence intervals is derived through a statistical analysis of the 98 
results. Equations for the 50% and 95% confidence are proposed. 99 
 100 
3 EXPERIMENTAL PROGRAM 101 
 102 
3.1 Materials and mixes 103 
 104 
Mixes with conventional concrete (CC) and self-compacting concrete (SCC) were 105 
produced. The flowability of concrete may influence the residual strength of FRC since 106 
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it affects the orientation of the fibres [18-23]. In total, 21 concrete mixes were designed 107 
with water-to-cement ratios ranging from 0.19 to 0.56. Different types of cements were 108 
used, with total contents between 275 and 700 kg/m3. Hooked-end steel fibres (SF) were 109 
added in contents from 30 to 60 kg/m3, whereas the content of 3 types of plastic fibres 110 
(PF1, PF2 and PF3) varied from 3.5 to 25 kg/m3.  111 
 112 
Table 1 summarizes the mixes depending on the main variables of the study. The 113 
compressive strength in each mix is the average of 3 specimens of 150x300 mm tested 114 
under compression according to EN 12390-3 [24]. The nomenclature includes the type 115 
of fibre and the content used. Table 2 shows the main characteristics of each type of 116 
fibre. 117 
Rheology 
Strength 
Classificat. 
Compressive  
Strength [MPa] 
Fibre 
Nomenclature 
Type 
Content  
[kg/m3] 
Conventional 
concrete (CC) 
>60 MPa 
66.4 SF 30 CC_H60_SF_30 
65.1 SF 45 CC_H60_SF_45 
66.2 SF 60 CC_H60_SF_60 
85.0 PF3 25 CC_H60_PF3_25 
<60 MPa 
47.7 PF1 4 CC_L60_PF1_4 
46.1 PF1 6 CC_L60_PF1_6 
48.1 PF1 8 CC_L60_PF1_8 
51.6 PF2 4 CC_L60_PF2_4 
52.9 PF2 6 CC_L60_PF2_6 
52.5 PF2 8 CC_L60_PF2_8 
Self-
compacting 
concrete 
(SCC) 
>60 MPa 
71.9 SF 30 SCC_H60_SF_30 
67.6 SF 45 SCC_H60_SF_45 
60.2 SF 50 SCC_H60_SF_50 
66.9 SF 60 SCC_H60_SF_60 
82.6 PF3 10 SCC_H60_PF3_10 
77.2 PF3 20 SCC_H60_PF3_20 
<60 MPa 
50.1 SF 50 SCC_L60_SF_50A 
40.4 SF 50 SCC_L60_SF_50B 
34.4 SF 50 SCC_L60_SF_50C 
57.4 PF1 3.5 SCC_L60_PF1_3.5A 
52.4 PF1 3.5 SCC_L60_PF1_3.5B 
Table 1. Main characteristics of the mixes. 118 
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 119 
Properties SF PF1 PF2 PF3 
Material Steel Polypropylene Polypropylene Polyvinyl alcohol 
Elastic Modulus [GPa] 500 4.0 4.8 8.5 
Tensile strength [MPa] 1000 400 338 800 
Length [mm] 50 48 40 12 
Diameter [mm] 1.00 0.84 0.75 0.20 
Aspect ratio [-] 50 57 53 60 
Table 2. Fibres characteristics (data provided by the manufacturers). 120 
 121 
3.2 Specimens and test procedure 122 
 123 
As shown in Fig. 2, the BCN consists of a double punch test on a cylindrical (150 mm 124 
x 150 mm) or cubic (150 mm) specimen. The test is performed by placing, 125 
concentrically above and below the specimen, cylindrical steel punches with a height of 126 
25 mm and a diameter equal to ¼ of the smaller dimension of the cross-section of the 127 
specimen. The hydraulic press applies a load to the punches at a constant displacement 128 
rate of 0.5 ± 0.05 mm per minute. In the process, a conical triaxial state is formed from 129 
the centre to the edges of the specimen, leading to internal tensile stresses that increase 130 
with the load. Cracks appear (Fig. 2) when the stresses reach the tensile strength of the 131 
concrete matrix. After that, the fibres bridge the crack, providing a residual strength. 132 
The results obtained may be represented through a Load-Total Circumferential Opening 133 
Displacement (TCOD) curve or Load-Axial Displacement relationship depending on the 134 
equipment used in the test, as depicted in Fig. 2. 135 
 136 
 137 
 138 
 139 
 140 
8 
 
Test setup Cracked specimen Typical curve 
   
   
 141 
Fig. 2. BCN in cylindrical and cubic specimens. 142 
 143 
The main difficulties to obtain acceptable correlations lay on the differences in the crack 144 
mechanism observed in both tests and, especially, the high variability intrinsic to the 145 
FRC. The fracture mechanism of the 3PBT is purely dominated by Mode I, while in the 146 
BCN the propagation of the crack is a mixed response between Modes I and II. This is 147 
shown in Fig. 3, which shows how the penetration of the two cones into the specimen 148 
(Mode II) produces the opening of several radial cracks where tensile stresses appear 149 
perpendicular to the fracture surface (Mode I).  150 
 151 
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 152 
Fig. 3. Cracking mechanism and distribution of stresses. 153 
 154 
Even though the failure mechanisms between 3PBT and the BCN might be different, 155 
this should not pose a problem to obtain a correlation between both tests. In fact, several 156 
codes and studies from the literature propose correlations between the results of test 157 
methods with completely different cracking mechanisms (for example, between 158 
compressive and tensile strength or between tensile and flexural strength, among 159 
others). 160 
 161 
For all mixes produced here, 2 shapes of moulded specimens were manufactured: 72 162 
beams of 150 x 150 x 600 mm for the 3PBT (according with the EN 14651:2007) and 163 
72 cubes of 150 mm of side for the BCN. Once the 3PBT were concluded, each beam 164 
was cut in order to obtain 150 x 150 mm cubic specimens, resulting in 144 additional 165 
samples for the BCN test. As depicted in Fig. 4, these cuts were performed disregarding 166 
the first 50 mm from the extremities of the beam – in order to avoid the influence of the 167 
wall effect – and the central 200 mm – to avoid the influence of the crack produced 168 
during the 3PBT.  169 
 170 
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 171 
Fig. 4. Cubic specimens cut from the beams. 172 
 173 
After that, the inductive test [25, 26] was conducted in moulded and cubic specimens 174 
with included steel fibres. In this test, a coil is used to measure the content and 175 
preferential orientation of the fibres in the axes perpendicular to the faces of the 176 
specimens. The convention from Fig. 4 was adopted. According to this convention, the 177 
Z-direction is always parallel to the concrete casting direction. In the cut specimens, the 178 
X-direction is parallel to the length of the beam. In moulded specimens, the directions X 179 
and Y are defined indistinctly since, in principle, no in-plane preferential direction is 180 
evident. Finally, the BCN (Fig. 2) was performed as described in this section in all 181 
cubic specimens. The direction of loading was parallel to the casting direction (Z). The 182 
force measured during the test was converted into stress following the equations 183 
proposed by [14]. 184 
 185 
4 ANALYSIS AND COMPARISON OF THE RESULTS 186 
 187 
A preliminary analysis of the results is conducted to evaluate the influence of the 188 
variables from the study and the need to include them in the correlation. Even though 189 
other variables were also analysed, this section only describes the influence of the 190 
content of fibres, the rheology (conventional or self-compacting) and the type of cubic 191 
specimen (moulded or cut).  192 
50 mm 
150 mm 
200 mm 
150 mm 
50 mm 
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4.1 Influence of the fibre type  193 
 194 
The differences between steel and plastic fibres in the mechanical response of FRC have 195 
been extensively described in literature [27-31] and are not the objective of this paper. 196 
Rather than that, the results of the 3PBT and the BCN for different contents of SF are 197 
compared. The influence of the contents is depicted in Fig. 5 in a plot Load-Crack 198 
Mouth Opening Displacement (CMOD) for the 3PBT and Load-Axial Displacement for 199 
the BCN results. 200 
 201 
The results from the 3PBT and BCN show a similar variation with the fibre content. In 202 
other words, higher stresses are resisted as the fibre content increases. The strength 203 
obtained in the BCN is in general lower than the strength observed in the 3PBT. This 204 
was more remarkable in dosage SCC_H60_SF_60 with 60 kg/m3 of fibres, which was 205 
the only one to present hardening in the 3PBT after the first crack appeared. Conversely, 206 
none of the dosages presented hardening behaviour in the BCN.   207 
 208 
 
 
Fig. 5. Residual strength in a) 3PBT and b) BCN. 209 
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This outcome may be attributed to the differences between the cracking mechanisms in 211 
each test. Previous studies showed that the same FRC may present hardening in bending 212 
tests and softening in direct tension tests [32]. In the former, the crack length increases 213 
gradually due to the formation of a par with compression stresses provided by the 214 
unaffected concrete matrix and tensile stresses provided by the fibre bridging the cracks. 215 
Conversely, in the direct tension tests, the cracks tend to form abruptly, almost 216 
eliminating the contribution of the concrete matrix that has to be resisted by the fibres at 217 
this moment. In this context, a change of stiffness is more likely to occur, being 218 
observed as a drop in the stresses resisted just after cracking. Notice that the mechanism 219 
developed in the BCN is closer to that found in the direct tension test than in the 220 
bending test since cracks appear abruptly and the contribution of concrete is hindered. 221 
 222 
Another factor that could explain the lower stresses found in the BCN in comparison 223 
with the 3PBT is the effective number and orientation of fibres bridging the cracks. In 224 
the BCN, between 2 and 4 cracks are formed during the test. Usually the cracks with 225 
lower contribution of fibre tend to open more than others with higher fibre contribution. 226 
Therefore, the stresses measured become influenced by the overall in-plane fibre 227 
orientation instead of being a result of a single cracking plane that tend to be 228 
perpendicular to the direction with higher contribution, such as in the 3PBT.  229 
 230 
4.2 Influence of the rheology 231 
 232 
Fig. 6 shows the average residual strengths measured with 13 specimens tested under 233 
the BCN and 3 specimens tested by means of the 3PBT for each of the two equivalent 234 
mixes of conventional and self-compacting concrete: CC_H60_SF_45 and 235 
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SCC_H60_SF_45, respectively. The scatter of the results is also shown using the 236 
coefficient of variation (CV) represented at the right vertical axis. Notice that both 237 
mixes present the identical nominal fibre type and content, as well as similar average 238 
compressive strength. 239 
 240 
Immediately after cracking occurs in the 3PBT, the average residual strength of 241 
CC_H60_SF_45 is higher than that of SCC_H60_SF_45. As the crack opening grows, 242 
the trend is inverted and the performance of SCC_H60_SF_45 is greater than 243 
CC_H60_SF_45. By the typical scatter of the 3PBT, the results of the flexural test may 244 
be considered approximately the same. This conclusion is also derived from the analysis 245 
of the results from the BCN, which shows approximately the same residual strength for 246 
SCC_H60_SF_45 and SCC_H60_SF_45 throughout the test.  247 
  
Fig. 6. Influence of the rheology in the results of the a) 3PBT and the b) BCN. 248 
 249 
The similarities of the residual response of both types of concrete may be explained by 250 
the fibre orientation. In the specimens cut from the beams tested with the 3PBT, the 251 
contribution of fibres in the X-direction is 41.5% for conventional concrete and 43.2% 252 
for self-compacting concrete. It is evident that, in spite of the change in rheology, small 253 
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variations in terms of fibre orientation are observed in the main direction characterized 254 
in this 3PBT. Likewise, the contribution of fibres in the plane XY in moulded 255 
specimens tested with the BCN is approximately 80% regardless of the type of concrete. 256 
All these results justify the similarities between conventional and self-compacting 257 
concrete assessed in this study. 258 
 259 
4.3 Influence of the type of cubic specimen 260 
 261 
The manufacturing procedure of the two types of cubic specimen (cast and cut from the 262 
beam) may affect both the orientation and the mechanical performance. For this reason, 263 
the fibre orientation and the mechanical performance of both types of specimen is 264 
assessed and compared in order to know whether they may be used indistinctly for the 265 
assessment of the correlation. Table 3 shows the average orientation measured with the 266 
inductive test and the corresponding coefficient of variation (CV) in both types of 267 
specimen calculated for the 10 dosages with different contents of steel fibres. 268 
Illustrative schemes of the preferential orientation measured are also presented.  269 
 270 
Type of 
specimen 
X-axis Y-axis Z-axis Scheme of 
orientation Orientation CV Orientation CV Orientation CV 
Cut 46.5% 5.6% 33.1% 7.0% 20.4% 6.9% 
 
Moulded 38.9% 3.5% 38.9% 3.0% 22.2% 8.6% 
 
Table 3. Average values and CV of the fibre contribution for cut and moulded 271 
specimens. 272 
 273 
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Approximately 80% of the contribution of the fibres is concentrated in the plane 274 
perpendicular to the casting direction in both types of specimens. This may be explained 275 
by the flow and the external vibration applied in some of them during the production, 276 
which favour a fibre alignment parallel to the XY plane [18, 20, 33-35]. 277 
 278 
In cut specimens, 46.5% of the contribution of the fibres is concentrated in X while only 279 
33.1% of the contribution is observed in Y. This contrasts with the results from the 280 
moulded specimens, which display almost the same contribution of fibres in X and in Y. 281 
Interestingly, the scatter for the measurements in both directions for cut specimens is 282 
around twice as high as the calculated for moulded specimens (see CV in Table 3).  283 
 284 
All these differences may be attributed to the influence of the shape of the specimens, 285 
the wall-effect and the flow of concrete during the production process. In the case of the 286 
cut specimens, the predominant wall effect is observed along the X-direction of the 287 
beam. This is also the main flowing direction, favouring a higher fibre contribution in 288 
this direction. Nevertheless, in the case of moulded specimens, the wall-effect imposed 289 
by the formwork and the distance of flow in X and in Y should be practically identical. 290 
Consequently, similar contributions are observed. 291 
 292 
The influence of the content of SF on the orientation of each type of specimen is 293 
exhibited in Fig. 7. As expected, the content of fibres showed no significant influence 294 
on the orientation. This is reasonable since the same mixing and casting process was 295 
used. Moreover, the trend in the orientation is similar to the previously described in 296 
Table 3. 297 
 298 
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 299 
Fig. 7. Orientation of fibres according to the content in a) cut and b) moulded 300 
specimens. 301 
 302 
Fig. 8.a and 8.b show the average residual strength for the dosages with 50 kg/m3 of 303 
steel fibres (SCC_L60_SF_50A, SCC_L60_SF_50B, SCC_L60_SF_50C and 304 
SCC_H60_SF_50) and 3.5 kg/m3 of plastic fibres (SCC_L60_PF1_3.5A and 305 
SCC_L60_PF1_3.5B), respectively. Other mixes present similar results. The grey 306 
curves show the average strength of each dosage depending on the type of specimen. 307 
The red curves represent the average strength of all dosages separated by cut or 308 
moulded samples. 309 
 310 
No significant difference between the moulded and cut specimens was expected in the 311 
mechanical results since in both cases approximately 80% of the fibres are aligned in 312 
the XY plane. The curves confirm the small differences in terms of the average residual 313 
strength regardless of the type of fibre used. A slightly bigger scatter is observed in the 314 
cut specimens, which is in line with the higher CV found in the fibre contribution for 315 
the latter in Table 3. The results suggest that the average mechanical results obtained 316 
between moulded and cut samples are similar enough to use both types of specimens in 317 
the correlation analysis. 318 
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 319 
  
 320 
Fig. 8. Residual strength with BCN in cut and moulded specimens with a) SF and b) PF. 321 
 322 
5 CORRELATIONS 323 
 324 
5.1 Correlation depending on variables and test parameters 325 
 326 
In this section a linear regression is performed between different parameters from the 327 
tests to identify those that provide the highest correlation degrees. Besides identifying 328 
the parameters that provide the best correlation, the aim is to determine whether a 329 
general correlation is possible or if it is necessary to derive specific formulations 330 
depending on the type of concrete or of fibre used.  331 
 332 
The average stress and the average tenacity of each concrete mix were calculated for 333 
reference displacement values. For the 3PBT, the CMOD of 0.5, 1.5, 2.5 and 3.5 mm 334 
were taken as a reference. In the case of the BCN, the axial displacements of 0.5, 1.5, 335 
2.5 and 3.5 mm from the beginning of the test and also after cracking were taken as a 336 
reference. The nomenclature used to refer to each parameter starts with the letter “F” for 337 
forces and “E” for energy values. Then, either “bcn” or “3pbt” is appended as a 338 
subscript depending on the test. The corresponding CMOD or axial displacement is 339 
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placed at the end as a subscript. For example, Ebcn,1.5 represents the energy estimated in 340 
the BCN for an axial displacement up to 1.5 mm after cracking. 341 
 342 
Correlations were performed with every possible combination of one parameter of the 343 
3PBT and one parameter of the BCN. This procedure was repeated considering all data 344 
from the experimental program or by grouping the data by rheology (conventional or 345 
self-compacting concrete), by strength class (smaller than 60 MPa or bigger than 60) 346 
and type or content of fibre. To simplify the analysis of the results, the minimum, the 347 
maximum and the average correlation degrees were calculated for all possible 348 
combinations with each parameter of the BCN. Fig. 9 shows a summary of the 349 
coefficients of determination (R2) obtained for Fbcn,0.5, Fbcn,1.5 and Ebcn,1.5, which were 350 
the parameters that showed the highest correlation degree in the linear correlation 351 
among all the analysed parameters. These represent the load and the energy obtained in 352 
the BCN for axial displacements of 0.5 and 1.5 mm measured after cracking. 353 
 354 
The analysis shows a significant variability in R2. When all data are considered, the 355 
average R2 is approximately 0.60, represented in a dashed line in Fig. 9. This is also true 356 
for all correlations performed when the results are grouped by rheology. Notice that the 357 
average calculated for conventional concrete is the same as that for self-compacting 358 
concrete. This suggests that the results from both concrete types may be considered 359 
indistinctly in the same formulation without compromising R2. Despite that, it is 360 
noteworthy that the scatter in R2 is twice as high in the conventional concrete than in 361 
self-compacting concrete.  362 
 363 
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 364 
Fig. 9. Results of linear correlation analysis. 365 
 366 
Significant differences are observed when the data is grouped by strength class. In the 367 
case of mixes with compressive strength below 60 MPa, average R2 values close to 0.90 368 
are obtained. This improvement with regards to the general correlation is compensated 369 
by a smaller average R2 in the mixes with compressive strength above 60 MPa. 370 
Moreover, a higher variability is observed in this last group. Based on these results, the 371 
definition of separate correlations is not justified since the improvement observed would 372 
be minor. 373 
 374 
The grouping by fibre type shows lower average values of R2 for steel fibre than for 375 
plastic fibre. Such outcome may be attributed to the wider range of contents tested in 376 
the former, which varies from 3.5 to 25 kg/m³. This contrasts with the range of steel 377 
fibres that goes from 30 kg/m³ to 60 kg/m³. Despite the difference in terms of average 378 
values, the variability in the results of the R2 calculated in plastic fibre is several times 379 
bigger, presenting values that are close to those of steel fibre.  380 
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It is important to remark that the average R2 obtained after grouping the fibres by type is 382 
smaller than that of the general correlation. Again, this indicates that the separate 383 
consideration is not justified since it would not contribute to a better correlation in the 384 
case of the present experimental program. Therefore, a general correlation applicable to 385 
all types of concrete, types and contents of fibre is proposed in the next section. 386 
  387 
5.2 Proposal of correlation 388 
 389 
An in-depth analysis was performed to identify the equation that provides the best 390 
correlations between the BCN and the 3PBT. In order to increase R2 values, a 391 
multivariable regression was performed. The outcome of the equation should be a 392 
parameter of the 3PBT, whereas the input should consist of parameters of the BCN or 393 
other characteristics of the concrete. After several regressions, it was found that the best 394 
correlations relate the force measured for a certain value of CMOD in the 3PBT with 395 
the force and the energy for the same axial displacement measured in the BCN. Eq. 1 396 
shows the equation proposed as a result of the regression study.  397 
 398 
𝐹3𝑃𝐵𝑇,𝑖 = 𝑎 · 𝐹𝐵𝐶𝑁,𝑖 + 𝑏 · 𝐸𝐵𝐶𝑁,𝑖
2 (1) 
 399 
In this equation, the terms a and b are constants obtained in the regression for a CMOD 400 
and an axial displacement of i. The values of both constants and of the R2 are presented 401 
in Table 4. The i corresponding to 0.5 mm is not included in the table since in this case 402 
it was not possible to identify an acceptable correlation between tests. This may be 403 
attributed to the differences in terms of crack formation in both tests, whose influence is 404 
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evident for low displacements. This issue was also described by Bernard [36], who did 405 
not find good correlations between tests at low levels of deformation. 406 
 407 
i (mm) a b 
CI99% 
(kN) 
R R2 
1.5 1.76E-01 -3.29E-04 2.00 0.86 0.74 
2.5 1.45E-01 4.70E-06 1.67 0.89 0.79 
3.5 1.52E-01 1.46E-05 1.65 0.87 0.76 
Table 4. Constants and confidence interval of Eq. 2. 408 
 409 
Fig. 10 shows the comparison between the results obtained from 3PBT and the 410 
corresponding result estimated for the same mix with Eq. 1 from the results of the BCN 411 
for the displacements i of 1.5, 2.5 and 3.5 mm. The straight line indicates the 412 
equivalence line. The predictions made with Eq. 1 approaches the results from the 3PBT 413 
despite the wide variety of compositions and fibre types used. As the displacement 414 
increases, so does the goodness of the predictions made with the correlation.  415 
 416 
 417 
 418 
Fig. 10. Comparison between force measured in the 3PBT and force estimated from the 419 
BCN results with the correlation. 420 
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5.3 Confidence intervals 422 
 423 
A natural variability of results should be expected when applying either the 3PBT or the 424 
BCN. This variability should also affect the correlations obtained. In certain practical 425 
situations, it might be interesting to consider a safety margin capable of compensating at 426 
least part of the uncertainty in the prediction of the results of one test. A statistical 427 
analysis of the results from Fig. 10 was conducted with the aim of assessing confidence 428 
intervals for the correlation proposed.  429 
 430 
First, the Kolmogorov-Smirnov test was applied to determine whether the error in the 431 
predictions from Eq. 1 with regards to the experimental results follow a normal 432 
distribution. Once the normality was verified, the confidence interval of 99% (CI99%) 433 
presented in table 4 were calculated for the displacements i of 1.5, 2.5 and 3.5 mm. The 434 
predicted value of the 3PBT considering the safety margin should be calculated 435 
according with Eq. 2. 436 
 437 
𝐹3𝑃𝐵𝑇,𝑖 = 𝑎 · 𝐹𝐵𝐶𝑁,𝑖 + 𝑏 · 𝐸𝐵𝐶𝑁,𝑖
2 − 𝐶𝐼99%,𝑖  (2) 
 438 
5.4 Verification of the results 439 
 440 
The formulation obtained in the parametric study is here compared with the 441 
experimental results of the 3PBT for all dosages. Fig. 11 shows several results of the 442 
Load-CMOD for both the experimental data (3PBT) in a solid line and the results 443 
calculated by means of the correlation proposed (Cor) in a dashed line. The points of the 444 
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predicted results are shown as a continuous plot load-CMOD in combination with the 445 
lower confidence interval corresponding to each CMOD. 446 
    
    
 447 
Fig. 11. Real and predicted curves of 3PBT with confidence intervals. 448 
 449 
A general overview of the results shows that the calculated curves follow similar trends 450 
to those obtained directly from the 3PBT. In the great majority of cases the values 451 
measured during the 3PBT are found above the limit defined by the confidence 452 
intervals. The only composition in which this is not fulfilled for all displacements is the 453 
SCC_H60_SF_60.  This confirms that the safety margin introduced is capable of 454 
compensating the errors of the predictions.  455 
 456 
The accuracy of the prediction decreases with the load level. In certain cases, negative 457 
values of the confidence lower limit are obtained. This should be expected when the 458 
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force measured during the 3PBT are below 5 kN, being especially evident in some of 459 
the mixes with plastic fibres. 460 
 461 
6 CONCLUSIONS 462 
 463 
The approach proposed in this study showed that it is possible to predict the 3PBT 464 
based on the results of the BCN with a confidence margin, despite the wide variety of 465 
fibre type, fibre content and rheology considered. This opens up the possibility of using 466 
the BCN as a complementary test for the systematic quality control of FRC. The same 467 
approach may be applied to correlate other tests or to obtain better correlations for 468 
specific types of FRC. The following conclusions may be derived based on the results 469 
and the analysis presented here. 470 
• The same FRC mix may present hardening in the 3PBT and softening in the 471 
BCN. This difference is mainly attributed to the cracking mechanism that takes 472 
place in each test. In the BCN, the cracks form abruptly. The load resisted by the 473 
cementitious matrix is almost instantaneously transferred to the fibre. 474 
Conversely, in the 3PBT the crack height tends to increase progressively, 475 
yielding a more gradual load transfer from the matrix to the fibres in the area 476 
subjected to tension.  477 
• The correlation between the 3PBT and the BCN considering only one parameter 478 
of each test did not provide acceptable results. In order to improve the 479 
correlation degree, it is advisable to include more than one parameter in the 480 
regression. In the present study, the parameters that yielded the best fits were the 481 
force and the energy measured for a certain axial displacement in the BCN, 482 
which are related with the force measured in the 3PBT. 483 
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• Only one equation (Eq. 2) is needed to correlate the 3PBT and the BCN, 484 
regardless of the type of fibre, the content of fibre or the rheology of concrete. 485 
The correlation degrees (R2) achieved range from 0.70 and 0.75 depending on 486 
the CMOD. It is important to remark that for low CMOD values, the correlation 487 
with the BCN may not be possible due to the differences in terms of the crack 488 
formation in both tests. 489 
• Almost all experimental measurements with the 3PBT remain above the 490 
prediction with the confidence interval using the results from the BCN. This 491 
confirm that the use of confidence intervals is an interesting approach to obtain 492 
prediction on the safe side for a material subjected to significant scatter, such as 493 
FRC.  494 
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